Hydroxypyruvate reductase (HPR), a marker enzyme of peroxisomes, has been purified to homogeneity from cotyledons of light-grown cucumber seedlings (Cucumis sativus var. Improved Long Green). In addition, the peroxisomal location of both HPR and serine-glyoxylate aminotransferase has been confirmed in cucumber cotyledons. The isolation procedure involved Polymin-P precipitation, a two-step precipitation with ammonium sulfate (35 and Seedlings of fat-storing species undergo a postgerminative transition from chemotrophy to phototrophy that involves a change in the metabolic role of microbodies from fat utilization (glyoxysomes) to photorespiratory glycolate metabolism (peroxisomes) (2, 4) . In greening cotyledons, the increase in peroxisomal enzyme activities typically occurs at the same time as the decrease in glyoxysomal activities (4, 18), evidently in the absence of cell division (2). The mechanism underlying this changeover in microbody function has not been definitively established and has in fact generated considerable controversy (4, 6, 8, 23, 28) .
Seedlings of fat-storing species undergo a postgerminative transition from chemotrophy to phototrophy that involves a change in the metabolic role of microbodies from fat utilization (glyoxysomes) to photorespiratory glycolate metabolism (peroxisomes) (2, 4) . In greening cotyledons, the increase in peroxisomal enzyme activities typically occurs at the same time as the decrease in glyoxysomal activities (4, 18) , evidently in the absence of cell division (2) . The mechanism underlying this changeover in microbody function has not been definitively established and has in fact generated considerable controversy (4, 6, 8, 23, 28) .
To date, we have focused on the regulation of glyoxysomal enzymes in cucumber cotyledons. We have isolated several glyoxysomal enzymes (16, 20) , raised antibodies to them, and used these to investigate both the dependence of enzyme appearance upon translatable mRNA levels (29) and the compartmentalization of these enzymes within glyoxysomes (3, 20) . To extend such studies to the biogenesis ofperoxisomes and thus to the mechanism underlying the transition from glyoxysomal to peroxisomal function, one or more peroxisomal marker enzymes need to be purified and used to prepare monospecific antibodies. One such enzyme is NADH-dependent HPR,2 which was first purified from tobacco leaves by Zelitch (30) and was later characterized by Kohn and Warren (14) .
The present paper describes the purification and characterization of HPR from cucumber cotyledons and confirms the peroxisomal location of the enzyme. Monospecific antibodies to HPR have been raised in both rabbits and mice. These antibodies will be used to assay for both peroxisomal enzyme appearance and compartmentalization during the transition in microbody function. A preliminary report of this work has been published in abstract form (26) .
MATERIALS AND METHODS
Sources. All materials were obtained as described previously (16) except for the following. Acrylamide, Cibacron Blue F3GA-agarose, and agarose powder were purchased from Bio-Rad. Ultrapure ammonium sulfate was a product of Schwarz/Mann. Alkaline phosphatase-coupled affinity-purified goat antisera against rabbit and mouse immunoglobulins were Other Assays. Published procedures were followed when assaying sucrose gradient fractions for catalase (16) , Cyt c oxidase (24) , and Chl (1). The SGAT assay was performed as described by Rehfeld and Tolbert (19) ml (approximately 35% saturation at 0°C). This solution was stirred for 30 min, then centrifuged at 20,000g for 10 min. Additional anmmonium sulfate (8.7 g/100 ml; about 50% saturation) was added to the supematant (S-3), followed by stirring for 30 min and by centrifugation at 20,000g for 10 min. The pellet (P4) was resuspended in WB and dialyzed against three changes of WB.
The dialyzed sample was centrifuged at 20,000g for 10 min and the supernatant was loaded onto a Cibacron Blue F3GA-agarose column (1l-ml bed volume) which had been equilibrated with Electrophoresis Procedures. SDS-PAGE (15) and native-PAGE were performed using 1.5-mm thick slab gels. Except where otherwise noted, SDS gels were cast with a linear 7.5 to 15% gradient of acrylamide, while 4% acrylamide gels were generally used for native PAGE. The acrylamide:bisacrylamide ratio was 150:1 for SDS gels and 37.5:1 for native gels. All solutions used for native gels were identical to those for SDS gels except that they contained no SDS or 2-mercaptoethanol. Gels were electrophoresed until the bromophenol blue dye front reached the end of the gel.
Molecular Weight Determination. The apparent subunit mol wt of HPR was calculated by interpolation from a plot of mobility on SDS-polyacrylamide gels versus log mol wt. The native mol wt of HPR was determined both by gel filtration chromatography on a calibrated Sephacryl S-200 column and by the native gel technique of Hedrick and Smith (13) . In the native gel approach, the effect of acrylamide concentration of the gel on electrophoretic mobility of a given protein is used to distinguish charge and size effects on the mobility of related bands. The substitution of slab gels for the tube gels used by Hedrick and Smith resulted in a considerable saving of effort.
Preparation of Antisera. Antiserum against cucumber HPR was raised in a 2-kg rabbit by subcutaneous injection of 100 jig of purified enzyme in 1.4 ml of 50%o (v/v) complete Freund's adjuvant followed 4 weeks later by intramuscular injection of another The washed nitrocellulose sheets were laid face down on the agar slab and the resultant sandwich was enclosed in plastic wrap and allowed to react at room temperature until the blue staining reached the desired intensity (1-18 h). Both the nitrocellulose sheet and the agar slab were gently washed in H20 and then dried for storage. and d) . Lanes e to h: gel immunodetection assay. Lanes e and f were incubated with rabbit anti-HPR serum (diluted 1:1000) followed by GAR-AP (diluted 1:1000). In lanes g and h, pre-immune rabbit serum (diluted 1:1000) was substituted for the anti-HPR serum. Details of the incubation steps and enzyme-mediated visualization procedure are presented in the text. (Fig. 1) . HPR and SGAT banded with catalase, a peroxisomal marker, at a mean density of 1.26 g/cm3, confirming the peroxisomal location of both enzymes (Fig. lb) . The Chlpeak (at 1.18 g/cm3) and the Cyt c oxidase peak (at 1.19 g/cm') identify broken chloroplasts and mitochondria, respectively (Fig. lc) . Though one another, these latter bands were clearly separated from the peroxisomal band.
HPR Purfication. The purification of HPR is summarized in Table I and Figure 2 . Isolation was begun by homogenizing 333 g (fresh weight) ofcucumber cotyledons. The addition ofPolymin-P precipitated 79% of the S-1 protein, including virtually all of the ribulose bisphosphate carboxylase (Fig. 2, lanes b and c) . After the ammonium sulfate precipitation steps, 69% of the starting HPR activity was present in the resuspended pellet, with a specific activity of 18.1 units/mg. The first four steps therefore resulted in an 18.7-fold purification.
Cibacron Blue-agarose affinity chromatography is illustrated in Figure 3 . The HPR activity peak eluted at a concentration of approximately 0.1 mm NADH, as determined by A at 280 nm. NADH absorbs strongly at 280 nm, so this wavelength was used to monitor both protein concentration (before applying the NADH elution gradient) and NADH concentration (during the gradient elution). The absence of accurate protein assays at this step precluded calculation of a specific activity, but SDS-PAGE of the peak fraction (Fig. 2, lane g ) revealed a single major band.
Thus, HPR was nearly pure after a single affinity chromatography step.
The DEAE-cellulose elution profile is shown in Figure 4 . The four peak fractions eluted at about 52 mm NaCl. The overall specific activity of the four peak fractions (66-69) was 525 ± 19 units/mg. HPR was therefore purified 541-fold from the starting filtrate. Criteria of Homogeneity. Isolated HPR was shown to be homogeneous by the presence of a single band at 40.5 kD on a denaturing gel (Fig. 2, lane h) . A single major Coomassie bluestaining band was also seen on nondenaturing gels (not shown). Figure 5 , lane b, depicts an identical sample stained in situ for HPR activity, confirming that the major protein band has the expected enzymatic activity. The four peak fractions (66-69) from the DEAE column were also analyzed individually on SDS-polyacrylamide gels; in each case, the single major band was greater than 96% pure (data not shown).
Enzyme Properties. The properties of HPR are summarized in Table II (Fig. 5, lane a) . The two more slowly migrating bands are lost over the course of the enzyme purification such that only the most rapidly migrating 406 TITUS ET AL.
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band remains in the final purified fraction (Fig. 5, lane b) .
The pH optimum was 6.9 to 7.3 with hydroxypyruvate, but 5.8 to 6.2 with glyoxylate. Michaelis constants were determined for HPR at these pH optima. At pH 7.1, Km values were 62 ± 6 and 5.8 ± 0.7 uM for hydroxypyruvate and NADH, respectively. At pH 6.0, Km values were 5700 ± 600 and 2.9 ± 0.5 jM for glyoxylate and NADH, respectively. HPR appears to have a nearly 100-fold greater affinity for hydroxypyruvate than for glyoxylate, while the affinity of HPR for NADH is high in both cases.
Immunodetection of HPR. Figure 6 illustrates the immunode- Figure 7 is the cross-reactivity of a rabbit serum raised against spinach HPR with a single cucumber polypeptide, presumably the HPR subunit.
The immunodetection assay was also used for nondenaturing gels. In this case, rabbit anti-HPR serum reacted with the three HPR bands which were initially detected by the in situ activity staining (Fig. 5, lanes a and e) (Fig. 7, lanes d and e) .
The gel immunodetection technique is a convenient assay of antiserum specificity. Both the rabbit and mouse antibodies detect a single band at 40.5 kD. This confirms the homogeneity of the purified HPR antigen and demonstrates the usefulness of our antibodies as monospecific probes for HPR in future experiments.
In the immunodetection assay, the addition of SDS to the wash buffers used after the incubation with GAR-AP was found to decrease markedly the staining of nonantigenic protein bands. If this nonspecific staining were confined to cucumber proteins present in the crude supernatant, it might be argued that the SDS was simply masking serum heterospecificity. However, mol wt marker proteins from a variety of organisms are also stained in the absence of SDS (Fig. 6: compare lanes b and f with lanes d  and h) . Thus, the nonspecific staining appears to be artifactual and the use of SDS in the final washing buffer seems justifiable. In our experience, mouse ascitic fluid is more likely than rabbit serum to yield nonspecific detection of bands, particularly if the ascitic fluid is pooled from multiple tappings of a given mouse.
Serum obtained from the rabbit injected with gel-eluted HPR also reacted nonspecifically with especially prominent bands. This is illustrated in Figure 7 , in which the large subunit of ribulose bisphosphate carboxylase is faintly visible in both immune and nonimmune lanes. The large amount of this polypeptide in the S-1 fraction is evident from Figure 2 , lane b, which was loaded with an amount of S-1 comparable to the loadings in Figure 7 .
Activity staining for HPR in gel profiles of the S-1 fraction consistently revealed three bands (Fig. 5, lane a) . The native mol wt for these bands were 94.9, 94.5, and 95.0 kD for the upper, middle, and lower bands, respectively. Given the limited accuracy of the Hedrick and Smith technique (13) used for this purpose, a value of 95 kD seems appropriate for all three bands. Thus, it is likely that these multiple activity bands are resolved by virtue of differences in charge rather than size.
The significance of the three HPR bands in the S-1 fraction is unclear. They may be artifacts of our extraction procedures and may result from minor proteolysis or other modifications which eventually yield a uniform population of the fastest migrating band.
